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.2012.11.Abstract The corrosion inhibition process of carbon steel in 1 M HCl by octadecylbenzene sul-
fonic acid (H) and their three ester derivatives (H1, H2, and H3) were studied. The esters were quat-
ernized by n-butyl bromide to get (H1Q, H2Q, and H3Q). These products have been investigated as
corrosion inhibitors using weight loss and potentiodynamic polarization measurements. From the
obtained results it was found that, the inhibition efﬁciency increases with increasing the inhibitor
concentration and the efﬁciency of the inhibitors were ranked as (H3Q > H2Q>H1Q>H3 >
H2 > H1 >H). The adsorption of the inhibitors on the carbon steel surface obeyed the Lang-
muir’s adsorption isotherm. The effect of temperature on the corrosion behavior in the presence
of the inhibitors was studied in the temperature range of 303–333 K. The associated activation
energy of corrosion and other thermodynamic parameters such as enthalpy (DH*), entropy (DS*)
of activation, adsorption equilibrium constant (Kads) and standard free energy of adsorption
(D0ads) were calculated to elaborate the corrosion inhibition mechanism. Potentiodynamic polariza-
tion studies indicated that, the studied inhibitors are mixed type inhibitors.
ª 2012 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.M.R. Mishrif).
gyptian Petroleum Research
g by Elsevier
esearch Institute. Production and
0031. Introduction
Carbon steel was one of the most important alloys used in several
ﬁelds of industry. Carbon steel and similar alloys can be exposed
to corrosion when exposed to aggressive environmental condi-
tions, especially in environment containing Cl ions. As Cl ion
was an active one, it forces oxide formation on metal surface by
adsorbing as alternative on metal surface. This increases the corro-
sion rate of metal. Acid solution was widely used in industrial acid
cleaning, acid descaling, acid picking and oil-well acidizing [1].hosting by Elsevier B.V.Open access under CC BY-NC-ND license.
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niques have been applied. The use of inhibitors was one of the
most practical methods for protection against corrosion in
acidic media. Inhibitors which reduce corrosion on metallic
materials can be divided into four kinds: (i) inorganic inhibi-
tors, (ii) organic inhibitors, (iii) surfactant inhibitors, and (iv)
mixed material inhibitors. Surfactant inhibitors have many
advantages such as, for example, high inhibition efﬁciency,
low price, low toxicity, and easy production [2–11].
The application of surfactants as corrosion inhibitors has
been extensively studied, and adsorption of the surfactant on
the metal surface was found to be responsible for the corrosion
inhibition of the metal surface. Most acid inhibitors were or-
ganic compounds containing phosphorus, nitrogen, sulfur
and/or oxygen atoms [12]. The corrosion inhibition of a metal
may involve either physisorption or chemisorption of the
inhibitor on the metal surface. Electrostatic attraction between
the charged hydrophilic groups and the charged active centers
on the metal surface leads to physicosorption. Several authors
showed that most organic inhibitors were adsorbed on the me-
tal surface by displacing water molecules from the surface and
forming a compact barrier ﬁlm [13].
The growing interest in using surface active polymer ’’poly-
meric surfactants’’ instead of the traditional surfactant molecules
can be said to emanate from having a very strong driving force to
go to the interfaces and the tendency to collect at these interfaces
is not as dependent on physical variables as for normal, low
molecular weight surfactants. This means that the polymeric sur-
factants are effective at low concentrations [14].
The choice of optimal inhibitor should be based on three
considerations: (i) it should have a convenient synthesis from
inexpensive raw materials, (ii) the presence of phosphorus,
nitrogen, oxygen, sulfur and multiple bonds in the inhibitor
molecule was required for its efﬁciency and (iii) its toxicity to-
ward the environment must be negligible [15].
The inﬂuences of inhibitor concentration and temperature
on the corrosion rate in the presence of octadecylbenzene sul-
fonic acid (H), their three ester derivatives (H1, H2, and H3)
and their quaternary ammonium salts (H1Q, H2Q, and
H3Q) were investigated in aqueous 1 M hydrochloric acid
solutions using carbon steel as the working electrode. The
weight loss and potentiodynamic techniques were used to eval-
uate their efﬁciency as corrosion inhibitors.
2. Experimental
2.1. Materials
Heavy alkyl benzene (HAB) was conducted as a by-product
during the synthesis of linear alkyl benzene from Al Ameria,
Alexandria Petroleum Company, Egypt.
From gas chromatogram, the carbon number distribution
of heavy alky benzene fractions was as follows, C12 = 1.5%;
C14 = 12%; C16 = 4%; C18 = 91% and C20 = 1.5%. The
most common fraction was C18 ‘‘octadecylbenzene’’.
2.2. Inhibitors
Heavy alkyl benzene was sulfonated to get p-octadecylbenzene
sulfonic acid (H). Three esters based on the HAB sulfonate
named as N-oxyethyl-N,N-diethanolamine-p-octadecylbenzene
sulfonate (H1); N-oxyethyl-N,N-diethanolamine (d= 4)-p-octadecylbenzene sulfonate (H2) and N-oxyethyl-N,N-dietha-
nolamine (d= 6)-p-octadecylbenzene sulfonate (H3) were pre-
pared as previous description [16]. The three esters were
quaternized by n-butyl bromide to obtain the corresponding
quaternary ammonium salts, (p-octadecylbenzene sulﬁnate)-
(N-butyl-N,N-diethanol-N-oxyethyl) ammonium bromide
(H1Q); (p-octadecylbenzene sulﬁnate)-poly (N-butyl-N-dietha-
nol-N-oxyethyl (d= 4)) ammonium bromide (H2Q) and (p-
octadecylbenzene sulﬁnate)-poly (N-butyl-N-diethanol-N-ethyl
(d= 6)) ammonium bromide (H3Q). The chemical structure
and molecular weight of the synthesized surfactants were
shown in Table 1.
2.3. Corrosion inhibition measurements
Tests were performed on petroleum pipeline alloy AISI type 1018
carbon steel with density, D=7.86 gcm3 and area, A=
33.87 cm2 and of the following composition: C=0.15
0.2 wt%; Mn= 0.6 0.9 wt%; S=0.05 wt%; P=0.04 wt%
and the rest was Fe.
2.3.1. Solutions
The aggressive solution, 1 M HCl, was prepared by dilution of
analytical grade 37% HCl with distilled water. The corrosion
inhibitor solution was prepared by dissolving the desired
weight of the surfactant inhibitor in water. Five different con-
centrations viz, 100, 150, 300, 600, 1000 and 2000 ppm by wt
were used through corrosion inhibition evaluation.
2.3.2. Weight loss measurements
The carbon steel sheetswith dimensions 7 · 2 · 0.2 cmand average
weight = 37.5 gmwere abraded with emery paper (grade 310-410-
610), degreased with acetone, then washed with double distilled
water and ﬁnally dried between two ﬁlter papers. Such treatment
was carried out immediately before each measurement. After
weighing accurately, the specimens were immersed in 250 ml bea-
ker, which contained 150 ml of the tested solution at different tem-
peratures viz, 303, 313, 323 and 333 K. The 1 MHCl solution was
used as a blank for weight loss measurements. This was carried out
in a covered beaker to prevent contact with air andminimize the es-
cape of evolved gases.After the required immersion time (48 h), the
test specimens were removed, washed with double distilled water,
dried by a jet of air and ﬁnally weighed. The change in weight
was recorded to the nearest 0.0001. Precautionsweremade to avoid
scratching of the specimen during washing after exposure.
The weight loss was calculated by the following equation:
DW ¼ W1 W2 ð1Þ
where:W1 andW2 are the weight of specimens before and after
immersion, respectively.The surface coverage area (h) for the
different concentrations of the investigated inhibitors in 1 M
HCl was calculated by the following equation:
h ¼ 1 ðW1=W2Þ ð2Þ
The inhibition efﬁciency from weight loss, gw (%) was deter-
mined by the equation:
gwð%Þ ¼ 100ðDW DWiÞ=DWÞ ð3Þ
where, DW and DWi are the weight loss per unit area in the
absence and presence of additive, respectively. Through study-
ing the effect of inhibition efﬁciency, the rate of corrosion (k)
was calculated by the following equation [17]:
Table 1 The chemical structure of the synthesized surfactants based on HAB.
Structure of the prepared
compounds
Code Nomenclature
C18H37 SO3H
H p-Octadecylbenzene sulfonic acid
N CH2CH2OH
CH2CH2OH
S
O
O
O CH2CH2C18H37
H1 N-oxyethyl-N,N-diethanolamine-p octadecylbenzene Sulfonate
N CH2CH2  OH
CH2CH2OH
S
O
O
O CH2CH2C18H37
4
H2 N-oxyethyl-N,N-diethanolamine (d= 4)-p octadecylbenzene
sulfonate
N CH2CH2  OH
CH2CH2OH
S
O
O
O CH2CH2C18H37
6
H3 N-oxyethyl-N,N-diethanolamine (d= 6)-p octadecylbenzene
sulfonate
S
O
O
O CH2CH2C18H37 N
CH2CH2CH2CH3
BrCH2CH2
CH2CH2OH
OH
H1Q (p-Octadecylbenzene Sulﬁnate)–(N-butyl-N,N-diethanol-N-oxyethyl)
ammonium bromide
NCH2CH2OSO2C18H37
CH2CH2CH2CH3
4BrCH2CH2
4
CH2CH2OH
OH
H2Q (p-Octadecylbenzene Sulﬁnate)-poly (N-butyl-N-diethanol-N-
oxyethyl (d= 4)) ammonium bromide
S
O
O
O CH2CH2C18H37 N
CH2CH2CH2CH3
6BrCH2CH2
6
CH2CH2OH
OH H3Q (p-octadecylbenzene sulﬁnate)-poly (N-butyl-N-diethanol-N-ethyl
(d= 6)) ammonium bromide
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where W is the average weight loss of three parallel carbon
steel sheets, S the total area of the specimen and t is the immer-
sion time.
In order to calculate the activation energy of the corrosion
process and investigate the mechanism of inhibition, weight
loss measurements were performed in the temperature range
of 303–333 K in the absence and presence of 1.0 M HCl solu-
tions. The dependence of the corrosion rate on temperature
can be expressed by the Arrhenius equation. The activation en-
ergy of the metal dissolution reaction was calculated using
Arrhenius equation [18].
lnk ¼ Ea=RTþ Constant ð5Þ
Plots of the ln of the corrosion rate against the reciprocal of
the absolute temperature (1/T) were drawn graphically to ob-
tain the values of activation energy, Ea.
Also, the thermodynamic parameters like free energy of
activation (DG*), enthalpy of activation (DH*) and entropy
of activation (DS*) were calculated using the following
equations:[19,20]
DG ¼ RT½lnðKB=hÞ  lnðk=TÞ ð6ÞDH ¼ Ea  RT ð7Þ
DS ¼ ðDH  DGÞ=T ð8Þ
where Ea is the activation energy; R is the universal gas con-
stant (8.314 JK1mol1); k is the average corrosion rate; T is
the absolute temperature; KB is the Boltzmann constant (1.380 ·
1023 JK1) and h is the Planck constant (6.626 · 1034 Js) and
the value of KB/h equal 2.08358 · 1010 K1s1.
The Standard Free Energy of Adsorption (D0ads)
Langmuir adsorption isothermal equation is expressed as
follows:
h=ð1 hÞ ¼ KadsC ð9Þ
where C is the inhibitor concentration, h is the degree of cov-
erage on the metal surface by the inhibitor and Kads is the equi-
librium constant for the adsorption–desorption process. The
Langmuir isotherm was rearranged to give:
C=h ¼ Cþ 1=Kads ð10Þ
When (C/h) was plotted against C, a linear relationship was
obtained for each inhibitor. The slope and the intercept were
detected. The value of the equilibrium constant, Kads, can be
then calculated from the reciprocal of the intercept of the
92 A.M. Al-Sabagh et al.isotherm line [18,21]. The adsorption–desorption equilibrium
constant (Kads) was related to the standard free energy of
adsorption of the inhibitor on the carbon steel surface
ðDG0adsÞ by theequation : DG0ads ¼ RTlnð55ð5KadsÞ ð11Þ
where R is the universal gas constant; T is the absolute tem-
perature and the value 55.5 is the molar concentration of water
in solution in moldm3. D0ads values were then calculated from
this relationship.
The heat of adsorption ‘‘the enthalpy of adsorption’’ pro-
cess can be estimated from the variation of surface coverage
versus reciprocal of temperature as follows:
lnh=ð1 hÞ ¼ logAþ logC DQads=RT ð12Þ
where A is a constant and DQads is the heat of adsorption and
equal to the enthalpy of adsorption (DH0ads) process. From this
relation, Qads (which is equal to (DH
0
ads) can be obtained from
the slope [22].
The entropy of adsorption process can then be obtained
from the following thermodynamic basic equation [22]:
DG0ads ¼ DH0ads  TDS0ads ð13Þ2.3.3. Potentiodynamic polarization measurements
Potentiodynamic experiments were carried out in a conven-
tional three-electrode cell with a platinum electrode as an aux-
iliary electrode and a saturated calomel electrode (SCE) as a
reference electrode. The working electrode (WE) was in the
form of a rod from carbon steel (CS) embedded in epoxy resin
of polytetraﬂuoroethylene (PTFE). The exposed electrode area
to the corrosive solution was 0.867 cm2. The carbon steel rods
were abraded with a series of emery paper (grade 320–400–
600–800–1000–1200) and then washed with distilled water
and acetone. Before measurement, the electrode was immersed
in test solution at natural potential for 1 h until a steady state
was reached. Potentiodynamic measurements were recorded by
a Voltalab 40 Potentiostat PGZ 301 and a personal computer
was used with Voltamaster 4 software. Each set of experiments
were repeated three times to ensure reproducibility. Potentio-
dynamic polarization curves were obtained by changing the
electrode potential automatically from 400 to 650 mV vs.
SCE.The degree of surface coverage (h) and the percentageFigure 1 Variation of the inhibition efﬁciency with different coof inhibition efﬁciency gp (%) were calculated using the follow-
ing equations:
h ¼ 1 I=Io ð14Þ
gpð%Þ ¼ ð1 I=IoÞ  100 ð15Þ
where Io and I are the corrosion current densities in the ab-
sence and presence of the inhibitor, respectively.
The inhibition efﬁciencies were determined from corrosion
currents calculated automatically by voltamaster from Tafel
extrapolation method.
3. Results and discussion
3.1. Chemical structure effect on corrosion inhibition
The HAB sulfonate, the three derived esters of HAB sulfonates
(H1, H2, and H3) and their quaternized products (H1Q, H2Q,
and H3Q) were investigated as corrosion inhibitors.
The difference between the members of the series was as
follows:
1. H1 was ester with triethanolamine while H2 and H3 were
esters with poly triethanolamine with 4 repeating units in
H2 and 6 repeating units in H3.
2. H1Q was the quaternary ammonium salt of the ester prod-
ucts with triethanolamine while H2Q and H3Q were the quat-
ernized products with the ester products with poly
triethanolamine.
The inhibition efﬁciency of these compounds depends on
many factors including the number of adsorption sites and
their charge density, molecular size, heat of hydrogenation,
mode of interaction with the metal surface and formation of
metallic complexes [23]. The inhibition of a corrosion process
by addition of surfactants may take place through two effects,
namely blocking and hydrophobic effects. The former occurs
when the inhibitor molecule is adsorbed on the metal surface
through the adsorption centers in the molecules. In the
investigated surfactants there were more than one O-atom,
one or more N-atom and only one S atom which can act asncentrations of the prepared inhibitors in 1 M HCl at 303 K.
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hydrophobing the interface by the hydrophobic branch of
the surface active compounds to inhibit charge and mass trans-
fer. Surfactants have a characteristic structure consisting of a
structural group that has very little attraction for the solvent,
known as a hydrophobic group, together with a polar head.
When the surfactant was dissolved in water, the presence of
the hydrophobic group in the solvent causes a distortion
of the solvent’s liquid structure, increasing the free energy of
the system. As a compromise, the surfactant concentrates at
the interface because there, the thermodynamically best
arrangement was possible. At the metal solution interface the
surfactant molecules orientate their polar heads toward the
metal and were adsorbed on its surface. The hydrophobic part
was oriented away into the solution, repelling thus, the
aqueous ﬂuid. Under such conditions a diffusion barrier to
chemical and/or electrochemical attack of the solution on the
metal surface was established [24].
Moreover, according to the molecular structure, there were
p-electrons in the aromatic ring and active adsorption centers
on HAB series, all of them can contribute to the strong adsorp-
tion between inhibitor molecule and the metal surface [25].
HAB sulfonate (H) consists of one S-atom and only 3 O-atoms
in which they will be adsorbed on the metal surface, while (H1)
contains 3 more O-atom and one N-atom. This was the reason
for the better inhibition efﬁciency for these compounds than
(H) which has inhibition efﬁciency 12% at 300 K and
600 ppm concentration.Sketch 1 Schematic representative for the mode of adsorption of inhi
high concentration and (c) over dose concentration.From Fig. 1, it can be noted that, the inhibition efﬁciency of
(H2) and (H3) (93% and 95%, respectively) increases with
increasing the degree of polymerization of the triethanolamine.
Increasing the polymerization increases the number of func-
tional groups such as; oxygen of the ethereal bonds, and nitro-
gen atoms which cause the adsorption at the metal surface.
This was the reason for the greater inhibition efﬁciency for
(H3) among (H2) and (H1).
The Inhibitors (H1Q, H2Q, and H3Q), function by electro-
static adsorption between the positively charged nitrogen atom
(N+) and the negatively charged metal surface to prevent a
further H+ getting nearer to the metal surface [26]. The higher
inhibitive property of (H1Q–H3Q) was also due to the pres-
ence of p-electrons, quaternary nitrogen atom and the larger
molecular size which ensures greater coverage of the metallic
surface [27]. (H1Q–H3Q) form complexes with the metal ions
and on the metal surface due to the functional groups. These
complexes occupy a large surface area thereby blanketing the
surface and protecting the metals. The inhibition efﬁciency
for (H1Q, H2Q and H3Q) was 92%, 96% and 97%,
respectively.
The quaternary ammonium salts gave good inhibition efﬁ-
ciency than the corresponding esters owing to the structure
modiﬁcation which has happened to the HAB from HAB sul-
fonate through the ester derivatives and ending with the qua-
ternary ammonium salts.
The crowded environment around the adsorbed N+ effec-
tively shields the positive charge from imparting coulombicbitor molecules on carbon steel surface at (a) low concentration, (b)
Figure 2 Relationship between inhibition efﬁciency and temperature of 600 ppm of the inhibitors in 1 M HCl.
Figure 3 Relationship between logK versus 1/T for carbon steel dissolution in 1 M HCl in the absence and presence of 600 ppm of the
inhibitors at different temperatures.
94 A.M. Al-Sabagh et al.repulsion to the incoming neighbor N+ and hence allows close
packing of the barrier ﬁlm, which effectively safeguards the
metal surface from corrosive attack [28].
As a representative type of these organic inhibitors, quater-
nary ammonium salts have been demonstrated to be highly
cost-effective and used widely in various industrial processes
for preventing corrosion of iron and steel in acidic media dur-
ing acid job in the petroleum industry.
3.2. Concentration effect on corrosion inhibition
The inhibiting effect increased with the increase of surfactant
concentration as shown in Fig. 1. It was obvious that, the inhi-
bition efﬁciency for H3Q as an example at 100 ppm was 86.8%;
at 300 ppm was 95.5% and at 600 ppm was 98% indicating that,
there was an ascending order in the inhibition efﬁciency with
increasing concentration for all the surfactant inhibitors. Hence,
the corrosion rate was a concentration dependent. At low surfac-tant concentrations the adsorption takes place by horizontal
binding to hydrophobic region as seen in Sketch 1, a. In other
words, a mono disordered layer may be formed. This adsorption
was a competitive one because the inhibitor displaces progres-
sively the water molecules and the other ions adsorbed. When
surfactant concentration increases, un-complete packing layer
of the inhibitor molecules was formed in which a perpendicular
adsorption takes place as a result of an inter-hydrophobic chain
interactions as obvious in Sketch 1,b. In other words, the in-
crease in inhibition efﬁciency observed at higher inhibitor con-
centrations indicates that more inhibitor molecules were
adsorbed on the metal surface, thus providing wider surface cov-
erage, and this compound acts as an adsorption inhibitor. Mean-
while at the over dose concentration (at maximum inhibition
efﬁciency obtained), the inter space area between the adsorbed
inhibitor molecules on the surface may be smaller than the area
of the inhibitor molecules. So that, the inhibitor molecules turn
out to form the double layer adsorption as shown in Sketch 1,c.
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fur groups onto the metal surface was stronger and effectively
protecting the surface. The crowds around the nitrogen atom
which obtained by the alkyl group and the triethanolamine
or poly triethanolamine inhibit the lateral repulsions and allow
the close packing of the adsorbed molecules.
It can be inferred from the data shown in Fig. 1 that, the
inhibition efﬁcacy becomes nearly constant starting from
600 ppm for all esters and quaternized HAB derivatives. It
was 98% at 600, 1000 and 2000 ppm for H3Q as a representa-
tive sample. This concentration will be used as the upper limit
through this study. The highest value of surface coverage, ‘‘h’’
near unity indicates almost a full coverage of the metal surface
with adsorbed surfactant.
3.3. Temperature effect on corrosion inhibition
The values of inhibition efﬁciency decreased with increasing
temperature as obvious in Fig. 2, so the effect of these surfac-
tants appears to be solution temperature dependent. The inhi-
bition efﬁciency for H3Q at 333 K as an example was 92%
while at 303 K was 98 as indicated in Fig. 2. This fact can be
attributed to the decrease in the strength of adsorption process
at high temperatures, which led to the desorption of the inhib-
itor molecules from the alloy surface at elevated temperatures
leading to greater area of metal being exposed to aggressive
solution. This behavior suggests that physical adsorption
may be the predominant mechanism of adsorption of the sur-
factant on the surface sample.
3.4. Thermodynamic parameters for the corrosion process
It was generally accepted that organic molecules inhibit corro-
sion by adsorption at the metal–solution interface and that the
adsorption depends on the molecule’s chemical composition,
the temperature and the electrochemical potential at the me-
tal/solution interface. Thermodynamic parameters for corro-
sion process play an important role in understanding theFigure 4 Data obtained from potentiodynamic polarization of carbo
H3Q) at 303 K.inhibitive mechanism i.e., in deﬁning the spontaneity of the
conversion of the metal into corrosion products that can be
formed in the environment to which the metal was exposed
[5,9].
Arrhenius-type dependence was observed between the cor-
rosion rate and temperature. From the Arrhenius plots,
Fig. 3, the apparent activation energy (Ea) of the corrosion
process can be calculated. The increase in activation energy
after the addition of the inhibitor to the 1 M HCl solution indi-
cates that physical adsorption (electrostatic) occurs in the ﬁrst
stage due to the decrease in surface area available for corro-
sion, because corrosion primarily occurs at surface sites free
of adsorbed inhibitor molecules, and the increase in activation
energy leads to an increase in the energy barrier for the carbon
steel corrosion [29]. From Table 2, the Ea for 1 M HCl was
28.11 and the value was increased as the surfactant inhibitors
were incorporated and they follow the order: H3Q >
H2Q>H1Q>H3>H2>H1 with values 68.87 kJmol1 >
63.99 kJmol1 > 59.17 kJmol1 > 56.93 kJmol1 > 53.57 k-
Jmol1 > 51.41 kJmol1 > 31.48 kJmol1. The higher Ea va-
lue in the inhibited solution can be correlated with the
increased thickness of the double layer, which enhances the acti-
vation energy of the corrosion process.
Based on Ea for corrosion process values, thermodynamic
parameters of activation for the corrosion process were calcu-
lated. Thermodynamic parameters include free energy of acti-
vation (DG*), enthalpy of activation (DH*) and entropy of
activation (DS*).
The obtained values were listed in Table 2. The values of
DG* were positive and showed limited increase with rise in tem-
perature, (62.7 at 303 K and 63.4 at 333 K for H3 as an exam-
ple), indicating that the activated complex was not stable and
the probability of its formation decreased somewhat with rise
in temperature. So, the increase in the rate of corrosion with
rise in temperature can be attributed to large number of corro-
sion species passing into an activated state with a less stable
conﬁguration.
The positive signs of DH* reﬂected the endothermic nature
of the carbon steel dissolution process. The values of DS* weren steel in 1 M HCl containing the blank and studied inhibitors (H–
Table 2 Calculation of the values of activation energies and other thermodynamic parameters at 600 ppm for heavy alkyl benzene
derivatives on carbon steel in 1 M HCl.
Inhibitor Temp. (K) Ea (kJ mol
1) DG* (kJ mol1) DH* (kJ mol1) DS* (J mol1 K1)
Blank 303 28.11 55.13 25.59 97.50
313 55.82 25.51 96.85
323 56.74 25.42 96.96
333 58.10 25.34 98.39
H 303 31.48 55.46 28.96 87.44
313 55.98 28.88 86.60
323 56.83 28.79 86.78
333 58.12 28.71 88.30
H1 303 51.41 60.94 48.89 39.75
313 61.31 48.81 39.94
323 61.84 48.72 40.60
333 62.31 48.64 41.04
H2 303 53.57 61.83 51.05 35.58
313 62.68 50.97 37.43
323 63.49 50.88 39.04
333 62.73 50.80 35.82
H3 303 56.93 62.68 54.41 27.31
313 63.23 54.33 28.44
323 63.88 54.24 29.84
333 63.37 54.16 27.65
H1Q 303 59.17 59.19 56.65 8.38
313 60.02 56.57 11.04
323 60.91 56.48 13.70
333 61.73 56.40 15.99
H2Q 303 63.99 62.68 61.47 4.00
313 63.65 61.39 7.24
323 64.31 61.30 9.29
333 64.49 61.22 9.83
H3Q 303 68.87 64.19 66.35 7.12
313 64.27 66.27 6.38
323 65.45 66.18 2.26
333 65.03 66.10 3.22
Table 3 Data obtained from potentiodynamic polarization measurements of carbon steel immersed in 1 M HCl solution in the
absence and presence of 600 ppm of the heavy alkyl benzene derivatives at 303 K.
Inhibitor Ecorr (mV, SCE) Icorr (mA cm2) Rp (X cm2) ba (mV dec1) bc (mV dec1) h gp (%)
Blank 520.4 3.44 17.73 236.3 217.7 0 0%
H 526.2 0.810 35.12 115.3 193.7 0.7647 76.45
H1 526.4 0.78 34.29 113 224.5 0.7732 77.32
H2 499.7 0.5433 70.41 137.3 225.2 0.8430 84.30
H3 496.6 0.3809 81.19 126.2 197.7 0.8895 88.95
H1Q 504 0.228 151.78 113 157.4 0.9360 93.60
H2Q 495.9 0.1557 270.16 154.4 187.3 0.9563 95.63
H3Q 520 0.1115 416.75 112.9 155.6 0.9680 96.80
96 A.M. Al-Sabagh et al.higher for inhibited solutions than those for the uninhibited
solutions. This suggested that an increase in randomness oc-
curred on going from reactants to the activated complex. This
might be because the results of the adsorption of organic inhib-
itor molecules from the acidic solution could be regarded as a
quasi-substitution process between the organic compound in
the aqueous phase and water molecules at the electrode sur-
face. In this situation, the adsorption of organic inhibitor
was accompanied by desorption of water molecules from the
surface. Thus the increase in entropy of activation was attrib-
uted to the increase in solvent entropy [30].3.5. Potentiodynamic polarization measurements
Both anodic and cathodic polarization curves for carbon
steel in 1 M HCl at 600 ppm of the prepared surfactants
are shown in Fig. 4. It was clear that the presence of the
inhibitors causes a markedly decrease in the corrosion rate,
i.e. shifts the anodic curves to more positive potentials and
the cathodic curves to more negative potentials. This may
be ascribed to adsorption of the inhibitor over the corroded
surface. Values of the corrosion current densities (Icorr),
corrosion potential (Ecorr), cathodic Tafel slope (bc), and
Table 4 Data obtained from potentiodynamic polarization measurements of carbon steel immersed in 1 M HCl solution containing
various concentrations of inhibitor H3Q at 303 K.
Inhibitor Conc. (ppm) Ecorr (mV, SCE) Icorr (mA cm2) Rp (X cm2) ba (mV dec1) bc (mV dec1) h gp (%)
Blank – 520.4 3.444 17. 73 236.3 217.7 – –
H3Q 150 526.9 1.00 35.14 132.3 220.0 0.709 70.93
300 498.2 0.492 87.41 137.7 189.3 0.857 85.75
600 520 0.1115 416.75 112.9 155.6 0.968 96.80
Figure 5 Polarization curves for the carbon steel in 1 M HCl in the absence and presence of different concentrations of inhibitor H3Q at
303 K.
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listed in Table 3.
HAB sulfonic acid was modiﬁed by esteriﬁcation with tri-
ethanolamine and poly triethanolamine with 4 and 6 of poly-
merization, and then these 3 products were enhanced by
converting them into the quaternary ammonium salt with n-
butyl bromide. So, there were 6 different products in the series
in which three of them were sub modiﬁed from the 3 parent
polyesters. Hence the difference between them was the struc-
ture and not the concentration.From this point, the electro-Figure 6 Langmuir adsorption isotherm for the inhibitors Hchemical discussion will be based on the chemical structure
as follows:
1. According to Icorr, Rp and gp (%) values, Table 3, the inhib-
itive properties of the studied surfactants can be given by
the following ranking order:
n H3Q>H3 >H, 96.74 > 88.94 > 76.47
n H2Q>H2 >H, 95.47 > 84.22 > 76.47
n H1Q>H1 >H, 91.98 > 79.12 > 76.47
n H3 >H2 > H1, 88.94 > 84.22 > 76.121Q–H3Q on carbon steel surface in 1 M HCl at 303 K.
98 A.M. Al-Sabagh et al.(a). The conversion of HAB sulfonic acid (H) into the trieth-
anolamine ester (H1) and poly triethanolamine ester
with 4 (H2) and 6 (H3) causes a decrease in the current
density due to the newly existence of oxygen and nitro-
gen which increased as the degree of polymerization
increased. The Icorr for (H1) was 0.78 and 0.38 mAcm
2
for H3. Hence, the inhibitor effect was to displace cur-
rent density to lower values (lower corrosion rate) as a
result of increasing the functional group which helps in
attaching the metal surface.
(b). The structure modiﬁcation of (H1–H3) to (H1Q–H3Q),
i.e., the ester products to the quaternary ammonium salt
increases the corrosion resistance Rp of the surfactant to
resist corrosion. The Rp for H3 was 81.19 Xcm
2 and for
H3Q was 416.75 Xcm2. The corrosion resistance and
accordingly the inhibition efﬁciency were inversely pro-
portional to the corrosion current density and as a con-
sequence the surface exposed to corrosion will be
decreased owing to the increase in the surface coverage
due to the electrostatic adsorption between the positively
charged nitrogen atom (N+) and the negatively charged
metal surface to prevent a further H+ getting from the
water to the metal surface. Also, the molecular size
increased due to the butyl group of the alkyl halide
which ensures greater coverage of the metallic surface.
The Rp value can help us to assess the relative ability of a
material to resist corrosion. Since Rp was inversely propor-
tional to Icorr, the materials with the highest Rp (and thus
the lowest Icorr) have the highest corrosion resistance.[31]
From all of these results, H3Q was the best in the potentio-
dynamic measurements. So, it was selected to perform the ef-
fect of concentration in the potentiodynamic measurements.
This was clear in Table 4.
From Fig. 5 and Table 4, the values of DEcorr between the
blank and H3Q at 150, 300, 600 ppm were 6.5, 22.2, 0.4 mV,
respectively. These values indicated that, the surfactant inhib-
itor H3Q has the ability to inhibit both anodic and cathodic
reactions because DEcorr  5–30 mV. So it was a mixed inhib-
itor. This means that the inhibitor H3Q has a signiﬁcant effect
on retarding the cathodic hydrogen evolution reaction and
inhibiting the anodic dissolution of carbon steel.
This behavior supports the adsorption of inhibitor onto the
metal surface and caused a barrier effect for mass and charge
transfer for anodic and cathodic reactions.
Lower corrosion current densities (Icorr.) were observed
with increasing the concentration of the inhibitor
(0.28 mAcm2 at 600 ppm and 1.35 mAcm2 at 150 ppm)
with respect to the blank inhibitor free solution
(3.44 mAcm2). This is because the effect of the inhibitor
was to displace current density to lower values (lower corro-Table 5 Thermodynamic parameters of the adsorption for
Inhibitor code Kads (M
1) D0ads (kJ mol1)
H1 8110.30 32.79
H2 42372.88 36.96
H3 80645.16 38.58
H1Q 88495.58 38.81
H2Q 90090.09 38.86
H3Q 97087.38 39.05sion rate). This behavior conﬁrms a greater increase in the en-
ergy barrier of carbon steel dissolution process [7].
From Table 4, the inhibition efﬁciency for H3Q at 150 ppm
was 60.8% and this value increased as the concentration in-
creased to 600 ppm, since the inhibition efﬁciency becomes
91.8%. The value of inhibition efﬁciency was increased with
increasing the inhibitor concentration, indicating that a higher
surface coverage was obtained in 1 M HCl with the optimum
concentration of the inhibitor. This could be explained on
the basis of inhibitor adsorption on the metal surface and
the adsorption process enhances with increasing inhibitor con-
centration [32].
The values of cathodic Tafel slope (bc) and anodic Tafel
slope (ba) of surfactants were found to change with inhibitor
concentration indicating that, the presence of inhibitor mole-
cule affects both the corrosion rate and the mechanism [33,34].
The inhibition efﬁciency gw (%) values obtained from the
weight loss measurements were slightly higher than those ob-
tained based on electrochemical techniques. The difference
can be attributed to the fact that, the weight loss method gives
average corrosion rates, whereas the electrochemical method
gives instantaneous rates because they were recorded at a
much shorter time interval and reﬂect the corrosion behavior
at the initial stage. On the other hand, the high gp (%) values
were found such that they indicate a strong adsorption favored
by the long duration of the experiments. Therefore, the weight
loss experiments conﬁrmed the electrochemical results regard-
ing the adsorption of inhibitors on the carbon steel surface
forming a protective ﬁlm barrier [35,36]. However, the results
obtained from weight loss and potentiodynamic polarization
were in reasonably good agreement.
3.6. Adsorption isotherm
Molecules of surfactants inhibit the corrosion of steel by
adsorption on the metal–solution interface. The adsorption
provides information about interactions among the adsorbed
molecules themselves, as well as with the electrode surface
[8,29,37].
The relation between C/h and C at 303 K is shown in Fig. 6
for H3Q as a representative sample. A linear relation can be
found between C/h and C for all the surfactant inhibitors.
The slope and the intercept were detected. The slope was
1.0033 and the intercept was 0.0103 for H3Q and hence the
Kads can be calculated to be 97087.38. The slope was near
unity. This behavior indicates that the adsorption of surfac-
tants on the carbon steel surface obeys Langmuir adsorption
isotherm indicating that the inhibitor molecules were adsorbed
on the metal surface and form a barrier, which isolated the me-
tal surface from the electrolyte [4]. The slope of the isotherm
deviates from unity as expected. This deviation may bethe prepared heavy alkyl benzene derivatives at 303 K.
DH0ads (kJ mol1) DS0ads (J mol1 K1)
19.95 42.38
24.94 39.67
26.6 39.54
29.09 32.08
29.26 31.68
29.93 30.10
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cies on the metal surface by mutual repulsion or attraction
[2,3].
The adsorption–desorption equilibrium constant Kads was
determined from the intercept of the Cinh/h plot versus C
[38]. The high value of the adsorption–desorption equilibrium
constant as represented in Table 5, reﬂects the high adsorption
ability of this inhibitor on the carbon steel surface. The Kads
for H3Q was 97087.38 while for H1 was 8110.30.
The negative value of DG0ads, Table 5, indicates a spontane-
ous adsorption of the surfactant on the carbon steel surface
and also the strong interaction between inhibitor molecules
and the metal surface [18]. In general, values of the free energy
of adsorption DG0ads, up to 20 kJmol1 seem to suggest elec-
trostatic interaction between the charged molecules and the
charged metal (physical adsorption), while those more negative
than 40 kJmol1 involve charge sharing or transfer from the
inhibitor molecules to the metal surface to form a co-ordinate
type of bond (chemisorption). The decreasing value of DG0ads
reﬂects the increasing adsorption [37]. Hence, the DG0ads in-
creases in the order H3Q< H2Q<H1Q<H3 < H2 <H1
with values 39.05 < 38.86 < 38.81 < 38.58 <
36.96 < 32.79 kJmol1. The calculated values of DG0ads,
indicated that, the adsorption of the studied surfactant takes
place through electrostatic interaction between the inhibitor
molecules and the carbon steel surface so physisorption was
supposed. On the basis of the obtained values for the free en-
ergy of adsorption, it can be speculated that the quaternary
ammonium salt improved the inhibition properties of the used
surfactants, as corrosion inhibitors, for carbon steel in 1 M
HCl. The higher inhibitive property of H3Q was due to the
presence of p-electrons, quaternary nitrogen atom and the lar-
ger molecular size which ensures greater coverage of the metal-
lic surface [27].
From Table 5, the negative sign of DH0ads (19.95
(kJmol1) for H1 and 29.93 (kJ mol1) for H3Q as a repre-
sentative sample) showed that the adsorption of the inhibitor
was an exothermic process, which indicates that the inhibition
efﬁciencies decreased with the temperature. Such behavior can
be interpreted on the basis that increasing temperature resulted
in the desorption of some adsorbed inhibitor molecules from
the metal surface [39]. Generally, an exothermic process signi-
ﬁes either physisorption or chemisorption. The heat of physical
adsorption was relatively low, on the order of 4–41 (kJ mol1),
whereas that of chemisorption was much higher, of a magni-
tude of 100–500 (kJ mol1). The DH0ads values in Table 5 were
all in the range of 4–41 kJmol1, indicating a physisorption
bond between the surfactant inhibitor and the metal surface.
In addition, DH0ads decreased as the HAB sulfonic acid trans-
formed to the ester form, (H1) and it was decreased more in
the case of poly triethanolamine ester, (H2 and H3) due to
the increase in the active centers and molecular weight. On
converting (H1, H2 and H3) to the corresponding quaternary
ammonium salt (H1Q, H2Q and H3Q), the DH0ads decreased
more indicating the stronger adsorption on the metal surface
with the quaternary ammonium salt.
The adsorption process of the inhibitors onto the carbon
steel surface includes, at least, two steps: the adsorption of
the surfactant inhibitor molecules onto the carbon steel surface
and simultaneous desorption of some hydration water from
the carbon steel surface. The former process was expected to
cause a decrease in randomness. The later process could causesome increase in disorderness. The obtained entropy values were
all positive (30.10 Jmol1K1) for H3Q as a representative sam-
ple) and seem to be in contrast to that normally accepted in the
adsorption phenomena. While the adsorption of organic mole-
cules was generally exothermic with decrease in entropy, the con-
trary occurs for the desorption of water molecules. The
thermodynamic values obtained were the algebraic sum of those
of the adsorption of organic molecules and desorption of water
molecules. Therefore, the positive values of DS0ads related to sub-
stitutional adsorption can be attributed to the increase in the sol-
vent entropy and to more positive water desorption entropy. The
positive value of DS0ads was also interpreted by the increase of dis-
order due to desorption of more water molecules from the metal
surface by one inhibitor molecule [18].
From all the speculated data, the quaternary ammonium salt
was the best in inhibiting the corrosion process, especially that
one with the polymerized triethanolamine with 6. The followed
one was that with 4 and ﬁnally the least one from the quater-
nary ammonium salt was that with the triethanolamine. This
may be due to the structure modiﬁcation which has happened
to the alkyl benzene sulfonate. Since after the alkyl benzene sul-
fonate has been esteriﬁed with triethanolamine, poly triethanol-
amine (d= 4) and poly triethanolamine (d= 6), they gave a
reasonably good corrosion inhibition, while after the structure
has been modiﬁed to the quaternary ammonium salt, the inhibi-
tion behavior was better than the ester form.
4. Conclusion
In this study, the inhibition property of H–H3Q was tested by
using weight loss and potentiodynamic polarization measure-
ments. According to the results, the prepared surfactants were
good inhibitors in 1 M HCl. Polarization curves showed that
the inhibitor was a mixed type one. Adsorption of the inhibitor
molecule onto the carbon steel surface obeys Langmuir iso-
therm. The protection efﬁciency increased with increasing
inhibitor concentration, but decreased slightly with the rise
of temperature. The calculated activation energy value indi-
cated that, adsorbed inhibitor molecules create a physical bar-
rier to charge and mass transfer for metal dissolution and
hydrogen reduction reaction.
Selection of these compounds as corrosion inhibitors was
based on the facts that these compounds contain lone pair of
electrons on the N and O atoms and p electrons in the aro-
matic ring through which it can adsorbed on the metal surface.
The lateral interaction of the long chain of carbon atoms due
to Van der Waals forces can further facilitate formation of
compact ﬁlm of the inhibitor on the metal surface.
As a representative type of these organic inhibitors, quater-
nary ammonium salts have been demonstrated to be highly
cost-effective and used widely in various industrial processes
for preventing corrosion of iron and steel in acidic media.References
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